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ABSTRACT

The fifth-generation Pennsylvania State University—National Center for Atmospheric Research (PSU-
NCAR) Mesoscale Model (MMY) is used to simulate Hurricane Erin (2001) at high resolution (4-km
spacing) from its early development as a tropical depression on 7 September 2001, through a period of rapid
intensification into a strong hurricane (8-9 September), and finally into a stage during which it maintains
its intensity on 10 September. These three stages of formation, intensification, and maintenance in the
simulation are in good agreement with the observed evolution of Erin. The simulation shows that during the
formation and early portions of the intensification stages, intensification is favored because the environ-
mental wind shear is weak and the system moves over a warm tongue of water. As Erin intensifies, the wind
shear gradually increases with the approach of an upper-level trough and strengthening of a low-level high
pressure system. By 10 September, the wind shear peaks and begins to decrease, the storm moves over
slightly cooler waters, and the intensification ends. Important structural changes occur at this time as the
outer precipitation shifts from the northeastern and eastern sides to the western side of the eye. A secondary
wind maximum and an outer eyewall begin to develop as precipitation begins to surround the entire eye.

The simulation is used to investigate the role of vertical wind shear in the changes of the precipitation
structure that took place between 9 and 10 September by examining the effects of changes in storm-relative
flow and changes in the shear-induced tilt. Qualitative agreement is found between the divergence pattern
and advection of vorticity by the relative flow with convergence (divergence) generally associated with
asymmetric inflow (outflow) in the eyewall region. The shift in the outer precipitation is consistent with a
shift in the low-level relative inflow from the northeastern to the northwestern side of the storm. The
changes in the relative flow are associated with changes in the environmental winds as the hurricane moves
relative to the upper trough and the low-level high pressure system. Examination of the shear-induced tilt
of the vortex shows that the change in the tilt direction is greater than that of the shear direction as the tilt
shifts from a northerly orientation to northwesterly. Consistent with theory for adiabatic vortices, the
maximum low-level convergence and upper-level divergence (and the maximum upward motion) occurs in
the direction of tilt. Consequently, both mechanisms may play roles in the changes in the precipitation
pattern.

Corresponding author address: Dr. Liguang Wu, Mesoscale Atmospheric Processes Branch, Laboratory for Atmospheres, NASA
GSFC, Code 613.1, Greenbelt, MD 20771.
E-mail: liguang@agnes.gsfc.nasa.gov

© 2006 American Meteorological Society



66 JOURNAL OF THE ATMOSPHERIC SCIENCES

1. Introduction

Tropical cyclones are very complex atmospheric sys-
tems in terms of their interacting physical processes on
multiple scales. Studies to date have gained consider-
able insights into the mechanisms of their formation
and development, especially through various simplified
numerical models (e.g., Ooyama 1969; Emanuel 1989;
Ritchie and Holland 1997; Montgomery and Enagonio
1998). Compared to improvements in hurricane track
forecasts, the skill level in prediction of tropical cyclone
structure and intensity remains relatively low. One rea-
son is that the physical mechanisms related to intensity
change are not well understood (Neuman 1997). Re-
cent studies have suggested that hurricane intensity
change is closely associated with interactions with the
large-scale environment [e.g., shear (Jones 1995; Frank
and Ritchie 1999, 2001; Black et al. 2002)], variations in
and feedbacks to the sea surface temperature (Shay et
al. 2000; Chan et al. 2001; Wu et al. 2005), and processes
associated with inner core convection and vortex dy-
namics (Montgomery and Kallenbach 1997; Schubert et
al. 1999; Frank and Ritchie 2001), particularly in the
eyewall cloud region.

For this reason, increasing attention has been given
to sophisticated numerical models that can explicitly
resolve multiscale atmospheric processes within tropi-
cal cyclones. The nonhydrostatic fifth-generation Penn-
sylvania State University—National Center for Atmo-
spheric Research (PSU-NCAR) Mesoscale Model
(MMS5; Dudhia 1993; Grell et al. 1995) has been used
frequently to study tropical cyclones. For example, Liu
et al. (1997, 1999) simulated Hurricane Andrew (1992)
and described both its inner core structure and its in-
tensification. Braun and Tao (2000) investigated the
sensitivity of high resolution (4 km) simulations of Hur-
ricane Bob (1991) to planetary boundary layer param-
eterizations, while Braun (2002) examined the structure
of the eyewall and issues related to buoyancy in eyewall
updrafts using a horizontal grid spacing of 1.3 km.
Davis and Bosart (2001, 2002) studied the transforma-
tion of a weak baroclinic disturbance into Hurricane
Diana (1984). Frank and Ritchie (1999, 2001) investi-
gated the structure and intensity changes caused by ver-
tical wind shear in idealized simulations. Chen and Yau
(2001) studied inner core spiral potential vorticity (PV)
bands and found that the propagation properties of the
PV bands were consistent with predictions of vortex
Rossby wave theory. As demonstrated by these studies,
the MMS system is highly capable of simulating the
evolution and structure of tropical cyclones, with either
idealized or realistic initial conditions. Our motivation
for the present study is to explore further the nature of
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hurricane development and intensity change by simu-
lating Hurricane Erin (2001), which occurred during
the field phase of the National Aeronautics and Space
Administration’s (NASA) fourth Convection and
Moisture Experiment (CAMEX-4).

A major part of the intensity change problem is the
interaction of a tropical cyclone with external influ-
ences including large-scale environmental flows and the
underlying ocean characteristics. The roles of environ-
mental flows have been investigated in terms of the
resulting eddy fluxes (Molinari and Vollaro 1989, 1990),
the associated divergence (Bosart et al. 2000), the su-
perposition of potential vorticity anomalies (Molinari
et al. 1995, 1998), and the environmental vertical wind
shear (Jones 1995; Frank and Ritchie 1999, 2001; Wu
and Braun 2004). The negative impact of vertical shear
on hurricane intensity is well established, whereas the
other environmental effects remain open for debate.

Since intensity change is ultimately related to inner
core processes in a tropical cyclone, even when exter-
nally forced, a critical issue is how the inner core dy-
namics respond to large-scale environmental influ-
ences. Recent studies, both observational and numeri-
cal, have shown that in response to vertical wind shear
the structure of the eyewall region becomes signifi-
cantly asymmetric with a dominant azimuthal wave-
number-1 component (e.g., Jones 1995; Wang and Hol-
land 1996; Bender 1997; Reasor et al. 2000; Frank and
Ritchie 1999, 2001; Wu and Wang 2001a,b; Black et al.
2002; Rogers et al. 2003; Zhu et al. 2004; Braun et al.
2006; Wu and Braun 2004). Several mechanisms have
been proposed by which vertical wind shear produces
asymmetries in vertical motions in adiabatic vortices.
These include 1) a balanced response to a tilted vortex
that produces upward motion in the downtilt direction
(Raymond 1992; Jones 1995; Wang and Holland 1996;
Frank and Ritchie 1999); 2) the interaction of the vor-
tex flow with temperature anomalies generated by vor-
tex tilt, which produces upward motion 90° to the right
of the tilt direction (Jones 1995; Wu and Wang 2001a);
and 3) storm-relative asymmetric flow that produces
low-level convergence and upward motion (low-level
divergence and downward motion) where the relative
flow is directed into (outward from) the eyewall (Wil-
loughby et al. 1984; Bender 1997; Frank and Ritchie
1999, 2001; Braun et al. 2006). Frank and Ritchie (1999)
found that when the numerical grid was unsaturated
and precipitation was dominated by parameterized con-
vection, the vortex behaved like the dry vortices of
Jones (1995) while when the grid was saturated and the
explicit moisture scheme dominated, the upward mo-
tion and precipitation shifted from the downshear-right
to the downshear-left quadrant. Diabatic vortices tend
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to have much smaller tilts than their adiabatic counter-
parts possibly as a result of stronger vertical coupling of
the lower and upper vortices by the effects of diabatic
heating (Wang and Li 1992; Flatau et al. 1994; Wu and
Wang 2001b). Reasor et al. (2004) have argued that the
moist dynamics associated with diabatic vortices are not
fundamentally different than the adiabatic vortex dy-
namics. They show that, if the shear is not too strong,
adiabatic vortices are quite resilient to shear since the
adiabatic dynamics tend to suppress departures from an
upright state. The tilt asymmetries are dissipated
through two types of vortex Rossby waves: sheared vor-
tex Rossby waves and a discrete, quasi-mode. Reasor et
al. (2004) suggest that moist processes simply enhance
the adiabatic dynamics.

In this study, we examine the evolution of Hurricane
Erin and its response to increasing vertical wind shear.
Section 2 gives a brief overview of Hurricane Erin and
describes the model setup. Section 3 provides an in-
depth validation against available observations of the
intensity and storm structure. Section 4 describes the
development of Erin through three stages of the evo-
lution including formation, intensification, and mainte-
nance and relates structural changes during the evolu-
tion from the intensification to the maintenance stages
to the evolution of the vertical shear near the storm.
Conclusions are provided in section 5.

2. Simulation description

a. Overview of Hurricane Erin (2001)

As with many Atlantic tropical cyclones, Hurricane
Erin can be traced back to a tropical wave that emerged
from western Africa on 30 August. The system
strengthened into Tropical Storm Erin by 0600 UTC 2
September as the central pressure fell to 1002 mb. How-
ever, southwesterly vertical wind shear associated with
an upper-level trough to the northwest prevented Erin
from intensifying further (Zehr 2002; Beven et al.
2003). On 5 September, its development was further
disrupted, and the system became an area of disturbed
weather. The minimum surface pressure was as high as
1015 mb.

About a day later, the vertical shear weakened and a
surface circulation redeveloped in the northern part of
the area of disturbed weather that was associated with
Erin (Fig. 1a). It moved north-northeastward, then
north-northwestward, and regained tropical storm in-
tensity at 1800 UTC 7 September with a central pres-
sure of 1007 mb (Fig. 2). Erin continued to strengthen
and became a hurricane by 0000 UTC 9 September,
reaching its peak intensity near 0000 UTC 10 Sep-
tember. Vertical wind shear began increasing after
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0000 UTC 9 September, but Erin continued to intensify
throughout the day. By 0000 UTC 10 September, the
vertical wind shear and the storm’s path over cooler
waters (Fig. 1b) brought an end to intensification (Fig.
2). Erin then maintained its peak intensity for about 18
h before beginning to weaken. By 0000 UTC 15 Sep-
tember, Erin had weakened into a tropical storm and
eventually transitioned into an extratropical system.

The model integration begins at 0000 UTC 7 Sep-
tember when Erin was an area of disturbed weather.
Erin was identifiable in the analysis as a weak tropical
depression (Fig. 1a; ~22°N, 60°W) with a central pres-
sure of 1015 mb and a maximum wind of about 15m s ™'
(Fig. 2). The sea surface temperature (SST) field (Fig.
1b) indicates that the tropical disturbance was situated
over a broad area of warm ocean waters exceeding 301
K. The simulation was terminated at 0000 UTC 11 Sep-
tember, shortly after Erin had begun to weaken. The
96-h integration covers several important periods in the
life cycle of Hurricane Erin including its formation, in-
tensification, and maintenance stages.

b. Simulation description

The 96-h simulation of Hurricane Erin is conducted
using the nonhydrostatic version of MMS5 (V3.4). Three
two-way interactive domains on Mercator map projec-
tions are used with grid spacings of 36, 12, and 4 km and
with domain sizes of 145 X 175, 196 X 175, and 151 X
151 grid points, respectively. The coarsest grid is cen-
tered at 31.0°N, 73.0°W. There are 28 uneven o levels
with higher resolution in the planetary boundary layer
(PBL). The top of the model is set to 50 mb. A time
step of 90 s is used on the coarsest grid and is reduced
by a factor of 3 for each successive nest.

The MMS system provides various options for model
physics such as cumulus convection, planetary bound-
ary layer, cloud microphysics, and radiation. Choices of
model physics are often critical to the successful simu-
lation of tropical cyclones (Liu et al. 1997; Braun and
Tao 2000; Davis and Bosart 2002). Because of the
larger grid spacings in domains 1 and 2, cumulus pa-
rameterization is necessary for these grids. Tests of the
various cumulus parameterization schemes for this case
indicate that a hurricane is only obtainable when using
the Betts—Miller cumulus parameterization scheme,
which is also used by Liu et al. (1997), Braun and Tao
(2000), and Davis and Bosart (2002). Other model
physics options include the Goddard Cumulus En-
semble model cloud microphysics; a modified version
of the Blackadar PBL parameterization, in which the
surface roughness calculations for momentum, tem-
perature, and moisture follow Garratt (1992) and
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Fi1G. 1. Initial fields for (a) winds at 1000 mb and surface pressure at intervals of 1 mb and
(b) sea surface/ground temperature (K) from the NCEP analysis at intervals of 1 K. The
simulated track of Erin is also presented in (b), and the numbers represent the integration

hours.

Pagowski and Moore (2001); and the cloud radiative
scheme of Dudhia (1989).

The initial and boundary conditions for the 36-km
domain are obtained from 12-hourly National Centers
for Environmental Prediction (NCEP) surface and up-

per-air global reanalysis datasets. The SST data are de-
rived from the NCEP SST analysis. The analysis fields,
including temperature, geopotential height, winds, and
dewpoint at mandatory pressure levels and with hori-
zontal resolution of 2.5° X 2.5° are interpolated hori-
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F1G. 2. (a) The maximum wind at the lowest model level and (b) minimum central pressure
of Hurricane Erin from best-track data (solid) and the simulation (dotted).

zontally to model grid points and vertically to the
model o levels. No special observations are available
near the initial time and no bogus vortex is included
because of the weak and asymmetric structure of the

observed system. The initial conditions for the nested
domains are obtained by interpolating fields from their
respective mother domains.

The simulation is initialized at 0000 UTC 7 Septem-
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ber. Additional simulations initialized at other times
show that this initialization time provides the best rep-
resentation of Erin’s evolution. During the first 12 h,
only the outermost domain is active. The 12- and 4-km
domains are activated at 1200 UTC 7 September (12 h)
and 0000 UTC 8 September (24 h), respectively.

3. Simulation validation

Comparisons of the maximum surface wind speed
and minimum sea level pressure between the simula-
tion and best-track data are shown in Fig. 2. The simu-
lated deepening agrees well with the observations until
~60 h (1200 UTC 9 September). Thereafter, the simu-
lated storm’s central pressure continues to deepen
steadily while the observed pressure deepens rapidly
from 60 to 66 h and then remains nearly steady or rises
slightly. Also, after 66 h, the maximum winds of the
simulated and observed hurricanes are quasi-steady,
with the observed winds being a little stronger. Central
pressure and maximum wind speed have generally been
used interchangeably to represent hurricane intensity.
Figure 2 indicates that the relationship between mini-
mum pressure and maximum wind speed can be com-
plex as the simulated maximum wind levels off or de-
creases slightly after 66 h while the minimum pressure
continues to decrease. Schubert et al. (1999), Kossin
and Schubert (2001), and Braun et al. (2006) have sug-
gested that this result can occur following the axisym-
metrization process. Specifically, the inward mixing of
eyewall vorticity weakens the tangential winds of the
eyewall, increases winds in the eye, and lowers the cen-
tral pressure through gradient wind balance.

The simulated maximum winds intensify somewhat
more rapidly than observed. The simulated storm
reaches tropical storm strength as early as 6 h (0600
UTC 7 September, 12 h before observed) and reaches
hurricane intensity by 40 h (1500 UTC 8 September, 5
h before observed; Fig. 2). The earlier intensification
occurs partly because of an abrupt increase in the maxi-
mum winds after 12 h that arises from initiation and
spinup of fields on the 12-km grid. The subsequent
simulated development agrees well with the observa-
tions.

Figure 3 shows comparisons of Erin’s observed track
with that simulated. In the simulation, the tropical de-
pression forms to the southwest of the observed loca-
tion. The displacement of the initial storm center from
that observed may result from the coarse 2.5° resolu-
tion of the analysis and uncertainty in the location of
the incipient cyclone within the large-scale low pressure
area. Because of the initial displacement of the center,
the simulated track tends to lag behind that observed.
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F1G. 3. The observed (solid dots) and simulated tracks (open
squares) from 0000 UTC 7 Sep to 0000 UTC 11 Sep. The numbers
for the observed track show the corresponding integration hours.
Open squares are plotted every 12 h (see also Fig. 1b).

Another discrepancy in the track prediction is that the
simulated storm takes a more northwestward track than
that observed during the last 24 h (during 10 Septem-
ber). This discrepancy likely results from errors in the
simulation of the large-scale circulation. Despite these
discrepancies, the track of the simulated storm agrees
reasonably well with observations, especially consider-
ing that no bogus vortex is included in the initial con-
ditions and that the storm develops from a broad region
of low pressure.

Validation of the storm structure is performed using
observed surface wind fields (M. Powell, National
Oceanographic and Atmospheric Administration/Hur-
ricane Research Division, 2003, personal communica-
tion), rainfall rates derived from the NASA Tropical
Rainfall Measuring Mission (TRMM) satellite, and spe-
cial observations from NASA aircraft during CAMEX-
4. Two surface (10 m) wind analyses are available for
Erin, valid at 1930 UTC 9 September and 1800 UTC 10
September, respectively (Figs. 4 and 5). For compari-
son, the simulated wind fields at the lowest model level
(38 m) for 2000 UTC 9 September and 1800 UTC 10
September are also shown in these figures. Figure 4a
indicates that the analyzed surface winds are fairly sym-
metric with local wind maxima on the northwestern,
eastern, and southern sides of the eyewall with the larg-
est value of 52 ms™! to the east. The simulated maxi-
mum winds are more asymmetric with local maxima,
~46 and ~6 ms~' weaker than the analysis, on the
northwestern and northeastern sides of the eyewall,
and weaker winds to the south. Strong winds (e.g., >20
m s~ ') in the analysis are concentrated near the eye-
wall, while in the simulation such strong winds are
spread out over a larger area. The larger area of high
winds is likely a by-product of initial condition errors,
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Fi1G. 4. Comparison of (a) the observed surface wind analysis at
1930 UTC (M. Powell 2003, personal communication) with (b) the
model-simulated wind at the lowest level at 2000 UTC 9 Sep 2001.
The contour interval is 3 m s™! in both panels.

particularly the size of the initial disturbance in the
coarsely resolved analysis. At 1800 UTC 10 September
(Fig. 5a), the surface analysis shows a more asymmetric
wind field with maximum winds exceeding 40 m s~ on
the northern side, about 5 ms~! weaker than the best-
track data. The simulated winds show the same general
asymmetry and the wind maximum of 46 ms™! is in

good agreement with the best-track data.

ET AL. 71

400

300 -

km

200

100

0 100 200 300 400

400

300 -

£ 2001
£ 200

100 1

F1G. 5. Same as Fig. 4, but for an observed surface analysis at
1819 UTC and a simulated wind field at 1800 UTC 10 Sep 2001.

Erin was viewed by the TRMM Microwave Imager
(TMI) on several occasions on 9-10 September. The
distribution of precipitation retrieved from the TMI is
used for validation since the narrow swath of the
TRMM radar provides inadequate sampling. The TMI
data provide sufficient information on the general
structure of Erin in the core region and its changes from
9-10 September. Figures 6 and 7 show the retrieved
precipitation rates at 1011, 1326, and 1504 UTC 9 Sep-
tember and at 1142, 1315, and 1477 UTC 10 September,
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F1G. 6. (left) TRMM rainfall rate at (top) 1011, (middle) 1326,
and (bottom) 1504 UTC and (right) the simulated reflectivity at
(top) 1000, (middle) 1300, and (bottom) 1500 UTC on 9 Sep 2001.
The domain is 300 km X 300 km. The arrows indicate the shear
direction between 1 and 10 km.

respectively. The horizontal resolution of the TMI is
about 10 km, so smaller-scale convective cells are not
well resolved. The simulated radar reflectivity fields are
displayed for comparison. Our purpose here is simply
to compare the qualitative features of the precipitation
structure indicating the degree and evolution of asym-
metries in both the eyewall and outer rainbands. In
terms of the locations of the outer and inner rainbands
relative to the storm center, the simulation agrees rea-
sonably well with the observations. Earlier on 9 Sep-
tember, the TMI data show maximum precipitation
generally on the northwest side of the eyewall (Fig. 6),
with an increasing trend toward axisymmetry at later
times (Figs. 6b,c), consistent with the wind analysis
(Fig. 4a). Outer precipitation bands occur in the north-
eastern quadrant, approximately in the downshear to
downshear-right direction similar to the observations of
Corbosiero and Molinari (2003), who found a down-
shear-right preference for lightning in the outer bands
of hurricanes in moderate-to-strong shear. The eyewall
and outer bands are separated by a gap, with a connect-
ing band (Willoughby et al. 1984) on the northern side

F1G. 7. Same as Fig. 6, but for (left) the TRMM rainfall rate at
(top) 1142, (middle) 1315, and (bottom) 1447 UTC and (right) the
simulated reflectivity at (top) 1200, (middle) 1300, and (bottom)
1500 UTC 10 Sep 2001.

of the eyewall. The simulated precipitation structure is
very similar to the distributions of the TMI data, albeit
with somewhat greater asymmetry in the eyewall and
considerably less distinction between the eyewall and
outer rainbands. The broader distribution of precipita-
tion on the northern side of the eyewall is likely indica-
tive of a connecting band. Maximum eyewall precipita-
tion occurs on the northwestern, or downshear-left, side
and outer convective bands are generally found on the
northern side and around to the eastern side. By 10
September (Fig. 7), in both the TMI data and the
model, the eyewall is asymmetric with maximum pre-
cipitation on the western to northwestern sides, while
the outer convection shifts to the western side of the
storm and convection begins to surround much of the
eyewall. These results clearly suggest that while the de-
tailed structure may very between the TMI data and
model, the evolution of the general precipitation struc-
ture is captured quite well by the simulation.

The ER-2 Doppler radar (EDOP) is an X-band (9.6
GHz) radar with dual 3° beamwidth antennas fixed at
nadir and 30° forward of nadir. EDOP, described in
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F1G. 8. Vertical cross sections of radar reflectivity and estimated vertical air motion from EDOP for flight legs (a), (b) along a
northwest to southeast pass from approximately 1754-1836 UTC and (c), (d) along a west to east pass from 1906 to 1950 UTC 10 Sep

2001.

detail by Heymsfield et al. (1996), provides high reso-
lution vertical profiles of radar reflectivity and Doppler
velocity. Calculation of vertical air motion from the
Doppler velocities has been described by Heymsfield et
al. (1999, 2001). Aircraft motions are first removed us-
ing flight parameters from the ER-2 inertial navigation
system (the nadir antenna is not exactly at nadir, so
some correction is necessary). Vertical air motions are
then obtained by subtracting hydrometeor fall speeds
from the Doppler velocities, where the fall speeds are
estimated based upon reflectivity measurements fol-
lowing Marks and Houze (1987) and Black et al. (1996).
The resulting vertical motion estimates can be subject
to errors of several meters per second in strong convec-
tive regions as a result of improper fall speeds, espe-
cially below the melting level. Above the melting level,
errors should be smaller as a result of the typically
smaller fall speeds of ice particles.

Figure 8 shows reflectivities and estimated vertical
motions for two passes across the eye of Erin between
1800 and 2000 UTC 10 September. The first pass from
northwest to southeast (Figs. 8a,b) shows outward slop-
ing eyewalls and multiple rainbands at larger radius. On
the northwestern side, strong low-level upward motion
is indicated (although subject to possible error) in the
eyewall with weaker upward motions (2-4 m s~ ') aloft.
Heavy precipitation occurs in multiple reflectivity cells
that comprise a rainband (120-200 km) outward from,
but immediately adjacent to the eyewall (200-210 km).
Further outward (10-80 km), another rainband with
multiple embedded cells occurs, with the innermost cell

possessing fairly strong upward motion (>4 ms~'). On
the southeastern side, the eyewall contains substantial
upward motion through the depth of the troposphere
and an outer rainband (290-350 km) occurs with sub-
stantial upward motion is its innermost cell. The second
pass (Figs. 8c,d), from west to east, shows a very similar
structure, but with little upward motion indicated
above the melting level in the eyewall. Although up-
drafts were probably diminishing during this time as
Erin weakened, the lack of updrafts is not surprising
given that updrafts typically occupy only a small per-
centage of the eyewall area (Jorgensen et al. 1985;
Black et al. 1996; Braun 2002) so that any given pass
through the eyewall has a relatively small chance of
sampling a strong updraft. As in the earlier cross sec-
tion, the strongest upward motions in the rainbands
occur in the innermost cells.

The simulated vertical structure of Erin is depicted in
Fig. 9, which shows vertical cross sections of simulated
reflectivity and vertical velocity for two vertical planes
oriented approximately in directions similar to the
ER-2 passes (see Fig. 9c). The northwest to southeast
cross section (Fig. 9a) shows strong eyewall vertical mo-
tion (~7-8 ms™ ') on the northwestern side with an
adjacent wide area of stratiform rain with embedded
cellular structure. On the southeastern side, the model
shows only a shallow precipitation feature associated
with the eyewall (~325 km) compared to the deep con-
vection observed (Fig. 8a). Also, the convection outside
the eyewall on this side is generally much shallower
than observed. In the west-to-east cross section
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FI1G. 9. Vertical cross sections of vertical motion (contours) and simulated radar reflectivity
(shading) through Erin’s core at (a) 1800 and (b) 1900 UTC 10 September along (c) the two
lines in which the simulated radar reflectivity at 1900 UTC is also shown. The intervals for
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(Fig. 9b), the vertical motions are generally weak with
the strongest upward motions in one of the rainbands
on the eastern side. In this cross section, a deeper re-
flectivity core is seen on the eastern side of the eyewall
(~320 km), but contains only weak upward motion.
The outermost precipitation cells on the western side
are shallower than observed. The simulated vertical
structure suggests that the occurrence of stronger up-
ward motion in the eyewall in the northwest-to-
southeast cross section and the weaker vertical motion
in the west-to-east cross section are generally similar to
those observed. However, a key difference is seen in
the depth of the reflectivity cells in the rainbands, par-
ticularly on the eastern side of the storm. It is unclear
whether this discrepancy results from suppression of
the vertical motions by the large-scale or vortex-scale
flow, from deficiencies in the model physics, or from
the relatively coarse 4-km grid spacing that only crudely
resolves the cloud and precipitation features.

During 1600-2030 UTC 10 September, 19 drop-
sondes were released from the NASA DC-8 and ER-2
aircraft. Halverson et al. (2006) used these dropsonde
profiles to construct a cross section of Erin’s warm core
structure. They created a reference environmental tem-
perature profile containing data from a DC-8 drop-
sonde below 329 mb in the clear air 610 km southeast of
Erin’s center and from an ER-2 dropsonde above 329
mb located 340 km to the northeast of the center. This
same environmental profile is used here to create a
cross section of the warm core from the simulation, so
that comparison of temperature anomaly structure is
equivalent to a comparison of the full temperature.

Figure 10a shows the observed warm core tempera-
ture anomaly from Halverson et al. (2006), while Fig.
10b shows the model anomaly field superimposed on
the simulated radar reflectivity. Note that the horizon-
tal scales are different between Figs. 10a and 10b. The
observed temperature anomaly depicts a maximum
value just over 11 K between 400 and 500 mb. The
temperature anomaly tends to spread out laterally at
upper levels compared to lower levels. Negative tem-
perature anomalies occur at low levels outside of the
inner core. The simulated temperature anomaly is re-
markably similar in many respects. Peak values of just
over 11 K are found between 400 and 500 mb, the warm
anomaly spreads out laterally at upper levels, and weak
negative anomalies are found at low levels outsides the
eyewall. One key difference is that in the simulation,
the warm anomaly is confined largely within the eye
with strong horizontal temperature gradients in the
eyewall. In the analysis, in sufficient data was available
to observe the strong radial gradients so that the con-
tours are spread out more evenly between dropsonde
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locations. Another key difference is in the structure of
the anomalies at upper levels above 300 mb. The ob-
served anomaly extends upward to just over 200 mb
before encountering the tropopause. In the simulation,
the anomaly weakens above 300 mb and the strong
vertical gradient is absent. This difference may be re-
lated to the relatively coarse vertical resolution in the
model above 300 mb where the grid spacing varies from
800-2000 m.

4. The simulated evolution of Erin

In the following analysis, the circulation of Erin is
decomposed into its azimuthally symmetric and asym-
metric components. Since the symmetric circulation is
usually one order of magnitude stronger than the asym-
metric circulation, a slight shift of the storm center lo-
cation can lead to significant differences in the asym-
metric circulation, especially in the inner region. For
example, in the hurricane inner core region, eyewall
mesovortices can occur (Schubert et al. 1999; Kossin
and Schubert 2001; Braun et al. 2006) and can be asso-
ciated with the minimum pressure (Marks and Black
1990; Black and Marks 1991). In such cases, the center
defined by the location of the minimum central pres-
sure (the pressure center) or the minimum wind (the
circulation center) may not adequately represent the
geometric center of the hurricane. In a study of Hurri-
cane Bob (1991), Braun (2002) derived an estimate of
the hurricane’s geometric center by minimizing the azi-
muthal variance of the pressure field at all radii be-
tween the center and the outer portion of the eyewall.
In the present study, the hurricane center is defined as
that which maximizes the symmetric tangential wind.
This definition minimizes aliasing of the symmetric
wind component onto the asymmetric component. To
determine the hurricane center, a variational approach
is used to adjust the location of the center until the
maximum azimuthal mean tangential wind speed is ob-
tained. Calculations show that the hurricane center lo-
cations defined in this way are very close to those de-
termined by the method of Braun (2002). Center loca-
tions are determined only after 24 h when the system is
of tropical storm intensity.

Figure 11 shows Erin’s evolution in terms of the azi-
muthal mean tangential wind and simulated radar re-
flectivity at the lowest model level (38 m) while Fig. 12a
depicts the evolution of the eyewall’s vertical structure
in terms of the azimuthally and radially (over the eye-
wall region) averaged vertical and radial winds. Since
the eyewall updrafts are generally located slightly in-
ward of the eyewall radial inflow and outflow, the ver-
tical motions are averaged over a radial band slightly
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inward of that for radial velocity. As suggested in Figs.
2 and 11, the intensity of Erin evolves through three
distinct stages. In the first stage, called the formation
stage, slow intensification of the initially broad symmet-
ric circulation occurs in association with a weak sym-
metric component of convection as the central pressure
falls about 16 mb and the mean tangential winds in-
crease to 20 m s~ ! prior to 36 h. During this time, the
radius of maximum wind (RMW) quickly decreases
from 125 to 70 km. The contraction of the eyewall im-
plies a significant increase in the maximum vorticity
and a rapid enhancement of the secondary circulation
(Fig. 12a). In addition to inflow in the boundary layer,

significant midlevel inflow occurs during this formation
stage, which agrees with the composite study by Lee
(1989).

During the second stage (36-72 h, hereafter called
the intensification stage), the eyewall continues to con-
tract, the symmetric reflectivities increase, and the
storm intensifies rapidly (Figs. 2 and 11). Erin’s size, as
indicated by the 20 m s~ ' isotach in Fig. 11, expands
with time. As shown in Fig. 12a, outflow occurs at
middle and upper levels while inflow is primarily at
lower levels. Upward motion is at its strongest and
deepest during this phase with its maximum at middle
levels.
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In the third stage (after 72 h, referred to as the main-
tenance stage), the eyewall contracts slowly and there is
little intensification in the symmetric tangential winds.
The reflectivity in the eyewall region (Fig. 11) signifi-
cantly decreases during this stage while the convection
outside the primary eyewall at first decreases (78-84 h)
and then redevelops after 84 h as convection begins to
surround the eyewall (Fig. 7). Much weaker mean up-
ward motion corresponds with the decreased reflectivi-
ties in the eyewall (Fig. 12a). As in the formation phase,
weak midlevel inflow occurs. By 96 h, in response to the
enhanced convection between 80 and 100 km, a second-
ary wind maximum develops (Fig. 13) in the azimuthal
mean flow. The secondary circulation at this time shows
relatively weak ascent in the eyewall and stronger as-
cent and outflow near the secondary wind maximum.

In summary, as indicated in Figs. 2, 11, and 12a, Erin
evolved through three stages of development (forma-
tion, intensification, and maintenance) and its structure
changed dramatically from one stage to another. Here,
we focus mainly on the changes in the structure and
intensity during the transition from the intensification
to the maintenance stages, how these changes are re-
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lated to the evolution of the large-scale shear, and how
the shear evolution is governed by the location of the
storm within the larger-scale synoptic pattern. The
structural changes associated with the transition from
the formation phase to the intensification phase will be
reserved for future study.

First, we briefly discuss factors aiding the rapid in-
tensification of Erin. It is known that tropical cyclone
maximum potential intensity is related to the tempera-
ture of the underlying ocean (Emanuel 1988; Holland
1997). Shay et al. (2000) suggested that the rapid inten-
sification of Hurricane Opal (1995) was associated with
a warm pool or warm core eddy. Using the MM4 model
coupled with a simple mixed-layer ocean model, Chan
et al. (2001) confirmed this intensification effect. Eman-
uel (1988) derived as relationship between the central
pressure of a storm as its maximum potential intensity
and the sea surface temperature by assuming that the
air rises along slanting moist-neutral angular momen-
tum surfaces extending outward in the outflow layer.
Following this model, the minimum attainable central
pressure decreases with increasing SST (assuming fixed
outflow temperature). As shown in Fig. 1b, Erin passes
over a warm pool of 302 K water between 36 and 60 h.
Since crossing of the warm pool coincides with the
rapid deepening of Erin, the intensification is at least
partially the result of the elevated SST. After 60 h, Erin
moves northward of this warmer water and the de-
crease in SST may contribute to the weakening of
Erin’s circulation (Halverson et al. 2006). However, as
will be shown below, changes in the environmental
wind shear are also an important factor in Erin’s inten-
sity changes.

The evolution of the large-scale mean flow in the
vicinity of the storm is estimated by a time series of the
vertical profile of the area-mean winds averaged over a
circle of 300-km radius centered on the storm (Fig.
12b). During the formation stage, both the mean wind
and its vertical shear are generally weak, in agreement
with Zehr (2002). As shown in Fig. 14a, Erin is located
near the center of a col at 200 mb and just south of the
ridge axis that extended from east to west. The storm is
also south of an upper-level jet maximum located near
32°N, 35°-65°W. At 850 mb (Fig. 14b), the storm is west
of the subtropical high. As a result, Erin experiences
weak southerly to southeasterly flow at all levels and
little vertical shear. This weak shear is likely critical to
the development and rapid intensification during this
stage and the first part of the intensification stage.

Between 42 and 72 h, the mean winds gradually
strengthen. The approach of an upper-level trough
from the west combined with the movement of the
storm beneath the southern part of the upper-level jet
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maximum (Fig. 14c) increases the southwesterly flow
near Erin while at low levels Erin is located just south
of a relatively strong high pressure system and is em-
bedded in substantial easterly to southeasterly flow.
Consequently, stronger southwesterly shear develops
and eventually reaches sufficient strength to halt inten-
sification of the storm. By 84 h (Figs. 14e,f), weakening
of the upper trough (and jet maximum) and low-level
high leads to a gradual weakening of the mean flow. As
Erin moves northward relative to the upper trough cen-
ter and westward relative to the low-level high, the up-
per-level flow becomes more southerly while the low-
level flow shifts to easterly and eventually northeasterly

(Fig. 12b). As a result, during the maintenance stage,
the shear weakens somewhat' and the shear direction
shifts from southwesterly to south-southwesterly. As

! In Zehr’s (2002) analysis of the large-scale shear (based upon
an average of the NCEP analysis over a radius of 444 km and
using winds at 850 and 200 mb), the shear began increasing on 9
September and continued to increase through 10 September,
reaching a maximum of 13.2 ms~'. The weakening of the shear
seen in the MMS simulation on 10 September may represent a
temporary dip in the shear not captured by the NCEP analysis,
which does not resolve the internal storm structure. The MM5
simulation was not run sufficiently long to determine if the shear
would resume increasing.
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will be shown below, these changes in the shear appar-
ently impact the storm structure. Although the mean
flow in Fig. 12b contains both the effects of the envi-
ronmental flow and the asymmetric flow resulting from
beta gyres (caused by advection of planetary vorticity
by the vortex), Figs. 12b and 14 suggest that the large-
scale environmental flow dominates the mean flow evo-
lution.

Comparison of Figs. 12a and 12b suggests that the
onset of the weakening of the eyewall upward motion
occurs at about the time of the peak vertical wind shear
near 0000 UTC 10 September (72 h). Several changes in
the structure of the storm, both observed and simu-
lated, occur during this transition from the intensifica-
tion to the maintenance stages. The TRMM rainfall
data and the simulated reflectivities in Figs. 6 and 7
indicate a shift in the precipitation outside of the eye-
wall from the northern or northeastern to the western
side of the storm and a gradual encircling of the eyewall
by a developing outer ring of convection. This pattern is
even more evident in the time-averaged reflectivity
fields for 9 and 10 September. On 9 September (Fig.
15a), the area of heaviest precipitation, including the

eyewall and the portions of the outer rainbands closest
to the eyewall, is located on the northwestern and
northern sides of the storm, while more cellular por-
tions of the outer bands (see Fig. 6) lay to the northeast
and east on the downshear-right side of the storm (Cor-
bosiero and Molinari 2003). Little outer precipitation
occurs on the southern side. On 10 September (Fig.
15b), the area of heaviest precipitation is on the western
and northwestern sides of the storm. The more cellular
portions of the outer bands have weakened and do not
exhibit a distinct downshear-right preference, consis-
tent with the weakening of the shear. Furthermore,
convection has developed on the southern half of the
storm so as to encircle the inner core of precipitation.
This result, combined with the finding of a weak sec-
ondary wind maximum near the radius of the outer
precipitation, suggests that a secondary eyewall may be
beginning to form. Interestingly, this secondary eyewall
begins to form about 12 h after relaxation of the vertical
wind shear. In their simulation of Hurricane Bonnie
(1998), Zhu et al. (2004) described the formation of a
secondary eyewall that occurred approximately 24-36 h
after strong large-scale shear weakened. It is unclear
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what role, if any, this relaxation of the shear plays in the
development of this outer ring of convection, but we
can speculate on one possible role as follows. When the
shear is large, the outer convection is clearly favored on
the downshear-right side, consistent with Corbosiero
and Molinari (2003). As the shear relaxes, the favoring
of convection downshear diminishes and allows for
greater likelihood of convection at any location around
the storm, thus making it possible for an outer ring to
form.

It has been well demonstrated that precipitation, par-
ticularly in the eyewall, tends to occur on the down-
shear-left side (Bender 1997; Frank and Ritchie 1999,
2001; Reasor et al. 2000; Black et al. 2002). As previ-
ously mentioned, the pattern in Erin is similar. Overlaid
on the reflectivity patterns in Fig. 15 are arrows indi-
cating the direction of the 1-10-km (roughly 850-200
mb) layer shear averaged over the two 24-h periods.
From 9 to 10 September, the average shear direction
rotates cyclonically by about 15°. The precipitation

tends to occur on the downshear-left side and this
change in the shear direction accounts for a portion of
the shift in precipitation, but may not be solely respon-
sible given the relatively small magnitude of the change.
While it is correct to say that the precipitation is down-
shear-left it says nothing about why that is the case.
Two mechanisms have been hypothesized about how
shear produces the asymmetry. One is related to the
storm-relative flow (Bender 1997; Frank and Ritchie
1999, 2001) while the other is related to the vortex tilt
(Raymond 1992; Jones 1995). To investigate the effect
of relative flow, the storm-relative asymmetric flow is
overlaid in Fig. 15. Bender (1997) argued that the di-
rection of the relative flow controls the location of the
precipitation maxima as follows. Assuming a first-order
balance in the vorticity equation between horizontal
vorticity advection and the stretching or compression of
vorticity by divergence, one expects convergence (di-
vergence) where there is inflow (outflow) in the eye-
wall. On 9 September, relative inflow occurs on the



JANUARY 2006 WU ET AL. 81

(b)

2 0P~ I YT LT LT T TS
Ry P Ll R ER
TYEAAMNNY N VLY
NNy N

100 1004 . L oy \«.i‘ i fi
v N A &L}& & N

0- of ¥ ¢ R

v v \\h\MN
vV N\\_\\N
vy NN TS N e

-100 -1004 Vv v PR ™ ™™
v oy NN TS

200 Y S

- -200 200 -200 IbO 200

F1G. 15. Twenty-four-hour mean simulated radar reflectivity and asymmetric winds aver-
aged over (a) 9 and (b) 10 Sep at 38 m. The asymmetric wind vectors are calculated based on
the surface center location. The thick arrows denote the directions of shear vectors for each

day.

northeastern side of the storm, while on 10 September,
it shifts to the northern to northwestern side. Figure 16
shows the relative flow at both upper and lower levels
superimposed on the asymmetric divergence. Qualita-
tively, the vorticity balance argument is valid since at
lower and upper levels, convergence (divergence) oc-
curs where there is relative inflow (outflow), although
the peak divergence at upper levels lies somewhat to
the left of the primary outflow. Changes in the relative
flow can occur as a result of changes in the shear or in
storm motion. In the simulation, a distinct change in the
storm motion occurs (Fig. 3) near 0000 UTC 10 Sep-
tember as the motion changes to a more northwesterly
direction. However, the shift in the outer precipitation
occurs in both the observations and the simulation
while the change in storm motion occurs only in the
simulation. This result suggests, then, that the impor-
tant changes in the relative flow arise because of
changes in the environmental winds.

Wavenumber-1 asymmetries in vertical motion can
also arise as a result of vortex tilt. In tilted adiabatic
vortices, balance constraints require that a cold (warm)
temperature anomaly occur in the downtilt (uptilt) di-
rections (Raymond 1992; Jones 1995). These tempera-
ture anomalies are created by upward (downward) air
motion on the downtilt (uptilt) sides of the vortex.
Jones (1995) shows that, subsequently, the vortex flow
interacts with these temperature anomalies to produce
upward motion 90° to the right of the tilt direction. In
diabatic vortices, the coupling of the lower and upper

parts of the vortices is much greater so that vertical tilts
are generally reduced. However, even a small amount
of tilt may be capable of producing asymmetries (Rea-
sor et al. 2000; Frank and Ritchie 2001).

To examine the impact of vortex tilt, the center of the
vortex at 8 km is calculated every hour during 9-10
September. The tilt of the upper vortex relative to its
surface location is superimposed on the divergence
field in Fig. 16 while the temporal and azimuthal varia-
tions of the tilt are overlaid on the radially averaged
(16-100 km) vertical motion and potential temperature
at 5 km in Fig. 17. From Fig. 16, it can be seen that the
maximum low-level convergence and upper-level diver-
gence occurs exactly in the downtilt direction. On 9
September, the average tilt is approximately 20 km and
directed to the north, roughly 60° to the left of the shear
vector, while on 10 September, the tilt decreases
slightly to 18 km and rotates cyclonically so that it is
directed 90° to the left of the shear. In Fig. 17, the mean
eyewall upward motion is nearly aligned or slightly to
the right of the direction of vortex tilt. A slight bias to
the right may arise since the outer convection generally
occurs downtilt or downtilt-right while the eyewall con-
vection is generally in the downtilt direction. A cold
anomaly in the potential temperature field is collocated
with the upward motion. The direction of the peak up-
ward motion and minimum temperature generally fol-
lows the direction of tilt, changing from the northeast
side on 9 September to the northwest side on 10 Sep-
tember. The alignment of the upward motion, cold tem-
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perature anomaly, and vortex tilt suggests that the vor-
tex is nearly balanced and that the change in the tilt of
the vortex is related to the shift in the precipitation
pattern between 9 and 10 September. Clearly, the cy-
clonic rotation of the shear vector during this period
accounts for part of the change in vortex tilt. However,
the change in tilt direction is larger than that of the
shear direction. It is possible that the stronger shear on
9 September causes the tilt to be somewhat more
aligned with the shear and that weakening of the shear
on 10 September allows the tilt to approach 90° relative
to the shear direction, which Reasor et al. (2004) claim
is the steady-state tilt direction for a weakly damped
quasi-mode of their dry, initially barotropic vortices.
The collocation of the upward motion and cold
anomaly differs from the expectations of the behavior

of adiabatic vortices. Jones (1995) and Wang and Hol-
land (1996) find that for adiabatic vortices, the upward
motion tends to occur 90° to the right of the cold
anomaly. Frank and Ritchie (1999), using idealized
simulations at 15-km horizontal resolution, show that
during early stages after shear is imposed the precipi-
tation is dominated by the convective parameterization
and the maximum upward motion in located down-
shear-right, consistent with Jones (1995) and Wang and
Holland (1996). However, once grid points in the eye-
wall reach saturation and the precipitation is dominated
by the explicit microphysical parameterization, the
maximum upward motion shifts to the downshear-left
side. They suggest that grid-scale latent heating elimi-
nates the downtilt temperature anomaly so that upward
motion occurs in the downshear to downshear-left di-
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rection. In a simulation of Hurricane Bonnie (1998),
Braun et al. (2006) find that a cold temperature
anomaly aligns with the eyewall upward motion and
vortex tilt. They provide two explanations for why the
cold anomaly occurs despite latent heating. First, ther-
modynamic budgets derived from a simulation of Hur-
ricane Andrew (1992) by Zhang et al. (2002) suggest
that adiabatic cooling in eyewall updrafts may slightly
exceed the latent heating so that net cooling occurs in
the eyewall. Second, even if the latent heating exactly
balances the adiabatic cooling, a cold anomaly can arise
through differential warming associated with adiabatic
warming of dry, subsiding air on the uptilt side. Braun
et al. (2006) argue that independent of how the cold
anomaly forms, it appears that the interaction of the
mean vortex flow with the temperature anomaly field
produces weaker forcing for vertical motion than the
more direct effects of the tilt or storm-relative flow.
Rogers et al. (2003), Braun et al. (2006), and Zhu et
al. (2004) show a strong link between vortex tilt and the
convective asymmetry in their simulation of Hurricane
Bonnie (1998). In that case, the vortex tilt is only
slightly to the left of the shear direction and both the
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relative-flow mechanism of Bender (1997) and the vor-
tex tilt are consistent with the wavenumber-1 asymme-
try in vertical motion (Braun et al. 2006). A similar
relationship between the convective asymmetry, vortex
tilt, and storm-relative asymmetric flow exists in the
simulation of Erin. In contrast to Braun et al., though,
the tilt is directed well to the left of the shear direction
and the angle between these directions varies with time.
Braun et al. (2006) suggested that the convection is
anchored to the side of the eyewall where low-level
inflow and convergence is occurring. Because the vor-
tex tilt and the convection are inextricably linked, the
tilt cannot depart far from the inflow side of the storm.
Differences in the direction of the low-level inflow from
that of the shear are likely related to the shape of the
profile of the environmental winds [e.g., a unidirec-
tional shear profile versus a curved shear profile in the
sense of a hodograph as described by Weisman and
Klemp (1986)]. The results of the present study indicate
that the environmental wind profile changes as the
storm moves relative to the features of the large-scale
environment such as high pressure systems, upper-level
troughs, and jet maxima (cf. upper and lower-level
winds in Figs. 12b and 14). Thus, there is a strong en-
vironmental control on the relative asymmetric flow,
vortex tilt, and convective asymmetry.

5. Summary

To investigate the physical processes related to hur-
ricane intensity change, the PSU-NCAR Mesoscale
Model is used to simulate the development and
evolution of Hurricane Erin (2001) from 0000 UTC 7
September to 0000 UTC 11 September. With three two-
way interactive domains with a minimum grid spacing
of 4 km, the model successfully reproduces the evolu-
tion of Erin by capturing its three phases of develop-
ment: formation, intensification, and maintenance. Erin
develops in a weakly sheared environment on 7 Sep-
tember. When it crosses a warm pool of 302 K waters at
36 h (1200 UTC 8 September), it deepens rapidly. It
reaches its peak intensity by the end of 9 September
and then maintains a steady intensity through 10 Sep-
tember. Two factors appear to contribute to the cessa-
tion of intensification: movement over cooler SSTs and
increasing vertical wind shear associated with an upper-
level low pressure system and jet maximum.

Comparisons of observed and simulated tracks, in-
tensities, wind, and precipitation patterns are remark-
ably good. Of particular interest in this study is the
model’s ability to capture a transition in the storm’s
intensity and structure between 9 and 10 September
during which time the hurricane’s intensification sud-
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denly ends and its outer precipitation bands shift ap-
proximately from the northeastern to the western side
of the storm. The simulation also shows indications of
the initial development of a secondary eyewall. Defi-
ciencies in the simulation are apparent in the vertical
distribution of precipitation as the model tends to pro-
duce rainbands that are shallower than observed. How-
ever, despite this discrepancy, the simulated vertical
structure of the temperature anomaly field is in very
good agreement with observations in terms of the mag-
nitude and height of the warm core.

The simulation is used to examine the evolution of
Erin from a weak depression to an intense hurricane
and to describe the structural changes that occur. Erin’s
formation stage is characterized by highly asymmetric
convection that gradually intensifies the mean vortex
and reduces the radius of maximum wind. Inflow dur-
ing this stage is deep while outflow is confined to upper
levels. During the intensification stage, characterized
by a more rapid rate of deepening, the eyewall convec-
tion becomes stronger and deeper and inflow is con-
fined to low levels while stronger outflow occurs at
middle and upper levels. Strengthening wind shear dur-
ing this period leads to an asymmetric distribution of
precipitation with the heaviest eyewall precipitation
and a wide area of the outer precipitation concentrated
on the downshear-left side and more cellular outer
band convection located on the downshear-right side.
The shear reaches its peak intensity near 0000 UTC 10
September, at which time intensification stops. It then
maintains a nearly steady intensity as the shear weak-
ens somewhat and the precipitation pattern shifts to the
western side of the storm.

Two explanations for the change in precipitation
structure are examined, both related to the interaction
of the storm with the large-scale wind shear. The first is
related to the effects of the storm-relative asymmetric
flow caused by the shear (Bender 1997). In the Erin
simulation, low-level convergence (divergence) occurs
where there is relative inflow (outflow) in the eyewall,
qualitatively consistent with this mechanism. At upper
levels, a similar pattern is seen except that the maxi-
mum upper-level divergence occurs somewhat to the
left of the main outflow region. The second mechanism
is related to the shear-induced tilt of the vortex, which
in this case is generally ~60°-90° to the left of the
downshear direction. In the simulation, on both 9 and
10 September, the upward motion occurs in the down-
tilt direction. The tilt direction rotates cyclonically ap-
proximately 45° (about 30° more than the shear vector)
from 9 to 10 September while the convective asymme-
try shows a similar cyclonic rotation. This result sug-
gests that the shift in the asymmetric precipitation pat-
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tern is a combined result of the changes in storm-
relative asymmetric flow and vortex tilt. These changes
are generally related to the location of the storm rela-
tive to large-scale features of the environment. Both the
intensity and direction of the shear, as well as the as-
sociated relative flow, change as the hurricane moves
relative to an approaching upper trough and jet maxi-
mum and to surrounding high-pressure systems. This
result suggests that some degree of predictability of a
storm’s intensity and precipitation structure should ex-
ist if the evolution of the large-scale flow and the track
of the storm can be reasonably predicted (Frank and
Ritchie 2001).
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